
EFFECT OF VARIATIONS IN 
SILICON AND IRON CONTENT 
O N  EMBRITTLEMENT OF A 
COBALT-BASE ALLOY (L-605) 

Lewis Research Center 
Cleveland, Ohio 

N A T I O N A L  AERONAUTICS AND SPACE A D M I N I S T R A T I O N  WASHINGTON, D. C: SEPTEMBER 1965  



TECH LIBRARY KAFB, NM 

0130L03 

NASA T N  D-2989 

EFFECT O F  VARIATIONS IN SILICON AND IRON CONTENT 

ON EMBRITTLEMENT OF A COBALT-BASE ALLOY (L-605) 

By Gary D. Sandrock, Richard L. Ashbrook, and John C. Freche 

Lewis Research Center 
Cleveland, Ohio 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
.. 

For sa le  by t h e  C l e a r i n g h o u s e  for F e d e r a l  S c i e n t i f i c  and T e c h n i c a l  I n fo rma t ion  
Spr ing f i e ld ,  V i r g i n i a  22151 - P r i c e  $1.00 



TECH LIBRARY KAFB. NM 

NASA TN D-2989 

EFFECT OF VARIATIONS IN SILICON AND IRON CONTENT 

ON EMBRITTLEMENT O F  A COBALT-BASE ALLOY (L-605) 

By Gary D. Sandrock, Richard L. Ashbrook, and John C. Freche 

Lewis Research Center 
Cleveland, Ohio 

N A T I O N A L  AERONAUTICS AND SPACE ADMINISTRATION 

For sale by the Clearinghouse for Federal  Scientific and Technical  Information 
Springfield, Virginia 22151 - Price $1.00 



EFFECT OF VARIATIONS I N  SILICON AND I R O N  CONTENT 

ON EMBRITTLENENT OF A COBALT-BASE ALLOY (L-605) 

by Gary D. Sandrock, Richard L. Ashbrook, and John C. Ftreche 

Lewis Research Center 

SUMMARY 

A n  inves t iga t ion  w a s  conducted t o  study t h e  e f f e c t  of var ia t ions  i n  s i l i c o n  
and i ron  content i n  L-605 (HS-25) on room-temperature d u c t i l i t y  and other  mech- 
an ica l  p roper t ies  a f t e r  aging a t  1600' F f o r  various times up t o  1000 hours. 
The s i l i c o n  content of t he  a l l o y  w a s  invest igated over a range from 0.12 t o  
1.00 percent,  and t h e  i ron  content over a range from 0.16 t o  3.24 percent. 
These ranges a re  general ly  within the  manufacturer's specif ied nominal composi- 
t i o n  l i m i t s  f o r  these  elements. This inves t iga t ion  shows t h a t  f o r  low s i l i c o n  
content hea ts  (0.12 t o  0.23 percent) t h e  room-temperature d u c t i l i t y  of L-605 
sheet aged for 1000 hours a t  1600' F w a s  improved over t h a t  of t he  high s i l i c o n  
content hea ts  (0.49 t o  1.00 percent) ,  as measured by t e n s i l e  elongations.  
former hea ts  had elongations of 13 t o  16 percent,  t h e  la t ter  had elongations of 
2 t o  6 percent. L i t t l e  apparent e f f e c t  on room-temperature d u c t i l i t y  a f t e r  
aging w a s  observed as a r e s u l t  of t he  va r i a t ion  of i ron  content from 0.16 t o  
3.24 percent. 

The 

Aging a t  1600° F reduced the  room-temperature ult imate t e n s i l e  s t rength of 
L-605 f o r  a l l  t he  compositions invest igated,  and no ove ra l l  r e l a t i o n  between 
s i l i c o n  content and ul-timate t e n s i l e  s t rength  after aging w a s  observed. Low 
i r o n  content hea ts  generally had higher ult imate t e n s i l e  s t rengths  a f t e r  aging 
f o r  1000 hours than did the  high i ron  content heats .  Hardness general ly  in -  
creased with aging time f o r  a l l  t he  hea ts ,  although t h i s  e f f e c t  was l e s s  pro- 
nounced f o r  t h e  low s i l i c o n  heats .  

Upon aging, p rec ip i t a t e s  formed p re fe ren t i a l ly  a t  gra in  and twin boundaries 
as wel l  as randomly i n  the  matrix. The lower s i l i c o n  content hea ts  had a l e s s e r  
amount of p rec ip i t a t e  a f t e r  aging than did the  high s i l i c o n  content heats.  
Variations i n  i ron  content appeared t o  have l i t t l e  ove ra l l  e f f e c t  on micro- 
s t ruc ture  a f t e r  aging. 

INTRODUCTION 

The cobalt-base a l l o y  L-605 (HS-25) has many elevated-temperature uses. 
I ts  .mechanical and physical propert ies  a r e  summarized i n  references 1 and 2. 
Because of i t s  elevated-temperature s t rength,  f a b r i c a b i l i t y ,  and weldabi l i ty  



the  a l l o y  i s  of i n t e r e s t  f o r  aerospace applications.  
i s  i t s  use i n  tubing and r a d i a t o r  components of advanced space power systems 
t h a t  must operate f o r  mission times of thousands of hours. This a l l o y  has a 
tendency, however, t o  become b r i t t l e  a f t e r  long-time exposure t o  high temper- 
a tures  ( r e f .  3 ) ,  a property obviously undesirable i n  engineering appl icat ions 
involving long-time exposure p a r t i c u l a r l y  those subject t o  mechanical and 
thermal cycling. 

A p o t e n t i a l  appl icat ion 

Jenkins ( r e f .  3 )  a t t r i b u t e d  the  embrittlement of L-605 t o  t h e  heavy pre- 
c i p i t a t i o n  of the  in te rmeta l l ic  compound CozW during high-temperature exposure. 
Wlodek (ref. 4)  suggested t h a t  the  compound Co2W i s  a s tab le  Laves phase i n  
t h i s  a l loy.  Because CozW i s  not an equilibrium phase i n  the  Co-W binary system 
(ref. 5), Wlodek suggested t h a t  it i s  s t a b i l i z e d  i n  L-605 by the  s i l i c o n  pres- 
ent .  He contended t h a t  reduction i n  s i l i c o n  content would lessen Laves phase 
prec ip i ta t ion  and, i n  tu rn ,  reduce embrittlement. Some data  supporting t h i s  
contention a r e  shown i n  reference 4 and the  discussion of reference 4. It w a s  
a l s o  proposed i n  reference 4 t h a t  p rec ip i ta t ion  of carbides and t h e  possible 
formation of hcp cobalt contributed t o  the  embrittlement i n  L-605 and t h a t  t h e  
formation of hcp cobalt  can 'be prevented by increasing the  concentration of 
iron. I ron i s  believed t o  s t a b i l i z e  the f c c  cobalt s t ruc ture .  

I n  view of the  importance of re ta in ing  d u c t i l i t y  i n  L-605 a program w a s  
undertaken a t  NASA Lewis Research Center t o  invest igate  the  e f f e c t  of wide 
var ia t ions  of s i l i c o n  and i ron  content, within t h e  manufacturer's specif ica-  
t i o n s ,  on mechanical propert ies  of L-605 a f t e r  aging. The room-temperature 
t e n s i l e  s t rength and d u c t i l i t y ,  as wel l  as the  hardness of L-605, were determined 
a f t e r  aging for various times up t o  1000 hours a t  1600' F. Stress-rupture data  
were a l s o  obtained with the  a l l o y  i n  the  unaged condition. I n  addition, metal- 
lographic s tudies  were made t o  obtain insight  i n t o  the metal lurgical  mechanisms 
involved. 

EXPERIMEIWAL PROCEDURE 

Material 

Six spec ia l  heats  and two commercial heats ,  based on the  manufacturer's 
standard pract ice  p r i o r  t o  1964 (see appendix) were obtained from the  Union 
Carbide Corporation ( S t e l l i t e  Division) f o r  use i n  t h i s  investigation. The 
manufacturer 's commercial melting pract ice  has recent ly  been changed so as t o  
achieve s i l i c o n  contents s i m i l a r  t o  those provided i n  t h e  low s i l i c o n  spec ia l  
heats  of t h i s  invest igat ion.  
(generally within t h e  manufacturer's nominal composition spec i f ica t ions)  as w a s  
p r a c t i c a l l y  feas ib le  at t h e  time w a s  obtained. The chemical compositions and 
grain s i z e s  of the hea ts  invest igated a r e  given i n  t a b l e  I. 
analyses were determined by the  supplier.  The i ron  and s i l i c o n  contents were 
a l s o  determined by an independent laboratory f o r  a l l  heats  except heat 5. 
Si l icon  contents ranged from 0.12 t o  1.00 weight percent, and i ron  contents 
ranged from 0.16 t o  3.24 weight percent, as determined by the  independent lab-  
oratory. 
Average ASTM grain s i z e  var ied from 4 t o  6. 

As wide a range of s i l i c o n  and i ron  contents 

Complete chemical 

These analyses a r e  used i n  the  data  curves presented i n  t h i s  paper. 
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TABLE I. - CHEMICAL COMPOSITIONS AND GRAIN SIZZS OF HEATS INVESTIGATED 

knganese 

1.52 

1.40 

1.44  

1.52 

1.37 

1.U 

1.10 

1.10 

IIeat 
lumber 

1 

2 

3 

b4 

b5 

6 

7 

a 

Cobalt 

Balance 

Balance 

Ealance 

Balance 

Balance 

Balance 

%lance 

Balance 

Determined 
)y independent 

labora tory  

:arbon 

0.13 

.u. 

.11 

.08 

.09 

.10 

.13 

. l 2  

j i l i c o n  

0.23 

.60 

.73 

.55 

_ _ _  
1.00 

.12 

.12 

Nickel 

10.40 

10 .12  

10.20 

10.06 

9.90 

10.14 

10.42 

10.27 

I r o n  

0 .57  

.49 

.24 

1.60 

_ _ _ _  
3.24 

.16 

3.06 

S i l i c o n  

0.20 

.50 

.96 

.63  

.49 

1.33, 
1.12 

0.04, 
0.11 

3.03, 
0.07 

I ron  

0.60 

.5a 

.20 

1.67 

1. a5 

?. 90, 

3.20, 

2.85, 

2.90 

0.23 

2.88 

C h r o m i u m  

20.02 

20.16 

20.14 

20.07 

20.09 

20.79 

20.41 

20.06 

Determined by suppl ie r  

'mgster  

15.02 

15.42 

15.66 

14.62 

15.05 

14.75 

14.32 

14.50 

Manufacturer ' s  s p e c i f i c a t i o n s  

19 t o  2 1  14  t o  16 0.05 t o  9 t o  11 1 t o  2 Balance I I O . I 5  I I I 

hosphorous 

0.001 

.001 

.005 

.012 

.014 

.004 

---- 

---- 

;ulf UI 

). 019 

.013 

.008 

. o n  

.010 

.010 

.012 

.005 

~ 

verags 
ASTM 
g r a i n  
s i z e  

- 

6 

6 

5 

4 

4 

6 

6 

6 

&Maximum according t o  manufacturer ' s  s p e c i f i c a t i o n s ,  r e f .  1. 

bManufacturer I s  standard p r a c t i c e  p r i o r  t o  1964. 

A l l  ma te r i a l  w a s  ho t - ro l led  t o  
approximately 0.050 inch sheet and 
mill-annealed (2250O F, rap id-a i r  
cooled) by the  suppl ier .  

,-Ref. diam., 0.625; ,! max. clearance with 
,/ loading pin, 0.005 in. 

I 

+urfaces t rue to center- 
; \,line wi th in  0.001 in. 
I \  

.~ 6.0 (Ref. ) -& 
I \ 

LO. 75 'L 0.75 

Figure 1. - Tensile test specimen. (Unless otherwise noted, dimen- 
sions may vary XI. 01 in. 1 

Spec imen Configuration 

Figure 1 shows the  t e n s i l e  t e s t  
specimen configuration used i n  t h i s  
invest igat ion.  Machining w a s  per- 
formed p r i o r  t o  aging. 

Aging Procedure 

The specimens were aged a t  
1600' F i n  air. This temperature 
w a s  se lec ted  because t h e  g rea t e s t  
rate of embrittlement w a s  observed 
( r e f .  4) with ma te r i a l  t h a t  had been 
aged a t  t h i s  temperature. During 
aging, furnace temperature was con- 
t inuously recorded. Specimen tem- 
perature was monitored per iodica l ly  
by means of a separate  reference 
thermocouple located immediately ad- 
jacent t o  the  specimens. Specimens 
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fram a l l  hea ts  were aged f o r  50, 200, and 1000 hours, then cooled i n  air  t o  
room te,mperature. Oxidation of t h e  samples w a s  s l i g h t ,  even a f t e r  being exposed 
f o r  1000 hours a t  1600' F. 

Hmdness Tests 

Hardness t e s t i n g  was  done on t e n s i l e  specimens near t h e  shoulder of t h e  
specimen outside of t h e  t e s t  length.  
scale  (60 kgload ,  b ra l e  indentor)  was employed. 
oxide f i lm  present w a s  removed e i t h e r  by grinding or by using a low-pressure 
denta l  g r i t b l a s t i n g  uni t .  

A standard Rockwel1,machine using the  A 
Pr ior  t o  t e s t i n g ,  any t h i n  

Tensile t e s t s  

Tensile t e s t s  were made with a 60 000 pound capaci ty  hydraulic t e n s i l e  
machine. A standard snap-on 
extensometer w a s  used t o  obtain the  load - s t r a in  curve t o  a s t r a i n  of about 
0.5 inch per inch. The extensometer w a s  then  removed and t h e  t e s t  w a s  con- 
t inued t o  f rac ture .  
machine; however, an attempt w a s  made t o  maintain a constant s t r a i n  rate by 
conducting the  tests a t  a constant valve se t t i ng .  Minor var ia t ions  i n  s t r a i n  
r a t e  t h a t m i g h t  have occurred would not be expected t o  a f f e c t  g rea t ly  the  
t e n s i l e  propert ies  of t h i s  a l l o y  a t  room temperature ( r e f .  2 ) .  
.measurements were ,made over a 1-inch gage length.  Yield s t rength  w a s  measured 
on t h e  bas i s  of 0.2-percent o f f s e t .  

A l l  t e s t s  were performed a t  room temperature. 

S t r a i n  r a t e  w a s  not d i r e c t l y  control lable  with t h i s  

Elongation 

Metallographic s tud ies  

Longitudinal sect ions ( i n  t h e  r o l l i n g  d i r ec t ion )  of t y p i c a l  t e s t  specimens 

The as-received specimens 
were taken f o r  metallographic examination i n  t h e  as-received (mill-annealed) 
condition and f o r  each aging condition invest igated.  
were e l e c t r o l y t i c a l l y  etched i n  a hydrochloric ac id  - 0.1-percent hydrogen 
peroxide solut ion.  Aged specimens were e l e c t r o l y t i c a l l y  etched i n  a boric  
ac id-d i lu te  s u l f u r i c  ac id  solut ion.  After etching, specimens were swabbed with 
ammonia t o  remove stains.  Photomicrographs were taken a t  ,magnifications of 
750 and 250. 

RESULTS AND DISCUSSION 

The e f f e c t s  of wide va r i a t ions  i n  s i l i c o n  and i r o n  content (within t h e  
nominal camposition range) on the  mechanical proper t ies  and microstructure of 
L-605 a f t e r  various aging times a t  1600' F a r e  discussed i n  the  following sec- 
t i ons .  The t e n s i l e ,  hardness, and s t ress - rupture  data  are l i s t e d  i n  t a b l e s  
11, 111, and I V Y  respect ively.  
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TABLE 11. - SUMMARY OF TENSILF RESULTS 

Lging time 
i t  1600' F, 

hr 

0 

55 

200 

1000 

I 

Heat 
number 

1 

I 
2 

I 
I 

3 

i 

~ 

4 

I 

Yield strength Ultimate Elongation, 
(0.2 - percent tensile percent 

offset), strength, 
psi  ps i  

75 300 148 900 54.0 
74 600 147 700 55.0 
71  900 145 200 52.5 

74 500 133 000 12.0 
76 300 134 400 10 .7  
75 600 136 400 12 .3  

81 aoo 141  400 4.5 
a3 500 143 400 4. 7 
79 800 135 200 3.2 

78 600 124 400 2.0 
80 400 127 700 2.0 
79 a00 127 loo 1 .7  

0 

5 0  

200 

1000 

0 

50 

90 100 166 900 47.4 
89 600 166 200 47.0 
97 000 167  700 46.9 

77 700 137 200 9.5 
78 500 138 700 10.3 
78 100 136 600 9.3 

81 100 133 500 3.3 
76 500 132 aoo 3.7 
79 300 135 100 4.2 

79 000 132 400 2.8 
78 500 130 100 2.5 
78 400 131 000 2.8 

74 100 157 400 41.4 
75 800 159 600 46.4 
73 600 156 800 44.9 

75 500 148 400 25.9 
74 400 142 aoo 21.9 
75 700 148 100 25.0 

75 000 1 4 1  600 16.5 

133 300 

149 400 
L4% 000 

141 000 
140 900 

140 300 
~ 3 a  900 
138 100 

126 500 
L26 500 
126 700 

138 500 
142 500 

L14 300 
L19 400 

L28 000 
125 800 
L28 300 

7.2 

38.0 
36.0 

8.0 
7.0 

6 .4  
4.0 
4.5 

2.7 
2.5 
3.0 

45.0 
42.2 

11.0 
11.5 

6.9 
5.5 
7.4 

1000 

0 

50 

75 800 144 800 14.7 
68 000 127 800 11.0 
71  600 135 600 12.2 

69 300 151 100 51.4 
69 900 148 400 49.3 
67 goo 148 600 46.4 

69 900 139 600 29.6 
68 800 139 700 33.7 
68 800 144 400 38.3 

1000 62 600 123 700 15.2 
62 500 126 000 15.3 
6 1  800 127 100 17.4 

iging time 
L t  1600° F, 

hr 

Heat 
lumber 

- 
5 

- 
6 

- 
7 

I i e ld  strength 
,0.2 - percent 

offset) ,  
psi 

65 300 
77 600 

0 

50 69 700 
66 700 
64 600 

200 63 600 
69 400 
62 800 

~ 

1000 64 200 
64 300 
63  900 

0 70 600 
71  300 

50 69 900 
7 1  900 
70 200 

200 71  900 
70 200 
72 500 

1000 72 100 
71 700 
72 600 

0 70 500 
72 800 

50  77 500 
ao 300 

2 00 79 300 
77 400 
77 600 

1000 75 700 
75 900 
76 600 

0 70 600 
71  000 

67 300 
66 500 

50  

2 00 

a 

- 

70 700 
71 200 
70 900 

73 400 
71  600 
70 600 

1000 119 100 
120 200 
119 400 2 00 66 000 138 200 30.7 

65 800 139 000 I 66 000 I138 200 1 :::: I 
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TABLE 111. - SUMMARY OF HARDNESS DATA 

1 

2 

3 

4 

5 

6 

7 

8 

Aging time a t  1600' F, hr 
number 

Average hardness (Rockwell sca le  A )  

62.5 65.0 65.5 

63.5 65.5 68.0 

63.0 66.0 69.5 

61.7 64.5 68.0 

62.6 67.2 69.9 

66.6 67.4 68.1 

63.7 64.9 64.4 

60.2 59.1 62.5 

67.0 

69.0 

70.0 

68.4 

70.1 

69.1 

66.0 

61.7 

TABU IV. - SUMMARY OF STFiESS- 

RUPTURF DATA 

25.8 

18.7 

6 

7 

8 

Heat 
number 

0 1  
0 2  

.\\\ Silicon, Iron, 
Dercent percent 

3.06 
.51 
.16 
.49 
1.60 
.24 

3.24 
1.85 

Aging time, hr 

Figure 2. - Effect of aging time at 1600" F on  average room temperature ductility. 
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m 
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c 
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Mechanical Properties - 

- Ducti l i ty .  - The average rom- Heat Silicon, Iron, 
number percent percent 

3- 1 0.23 0.57 temperature d u c t i l i t i e s  before ag- 
.60 .49 ing and a f t e r  aging a t  1600° F f o r  
.73 .24 50, 200, and 1000 hours a r e  shown 

i n  f igure  2. For purposes of com- 

- 
.55 1.60 

- .49 1.85 
6 1.00 3.24 parison the heats  may roughly be - 

.12 .16 divided i n t o  two groups: high s i l -  
- .12 3.06 icon content (0.49 t o  1.00 percent) 

and low s i l i c o n  content (0.12 and 
0.23 percent) .  A t  a l l  aging times 
the  three heats  with the  low s i l i -  
con contents had subs tan t ia l ly  
greater  t e n s i l e  d u c t i l i t y  than did 
the  f i v e  high s i l i c o n  content heats .  
After 50-hour aging treatments the  
low s i l i c o n  content heats  had elon- 
gations t h a t  ranged from approxi- 
mately 24 t o  34 percent, while the 
elongations of the  high s i l i c o n  

- 

15- 

10- 

- 

5 -  

- 

1 1 1 1 1 1 1 1 1 1 1 1  content heats  ranged between approx- 



180x103 
I 

Average ultimate 

0.2 Percent offset 

AMS minimum - - __  - - - - - - - - - __- - - - - 
Heat Silicon, Iron, 

number percent percent 
c 1 0.23 0.57 
0 2 .60 .49 
0 3 .73 .24 
0 4 .55 1.60 
0 5 .49 1.85 
A 6 1.00 3.24 
0 7  .12 .16 

I Av I .12 3.06 
I I 1 l I l l  

0 10 100 loo0 
Aging time, hr 

Figure 4. - Effect of aging time at 1600" F on  average room-temperature tensile 
strength. 

r e su l t ed  i n  d u c t i l i t i e s  appreciably higher than those obtained with hea ts  
containing 0.49 t o  1.00 percent s i l i con .  

When heats  within a narrow composition range of i r o n  (0.16 t o  0.57 percent)  

On t h e  other hand, 
a r e  considered, d u c t i l i t y  a f t e r  200- and 1000-hour aging treatments i s  s t i l l  
seen t o  increase with decreasing s i l i c o n  content ( t ab le  11). 
when hea ts  within narrow composition ranges of s i l i c o n  (0.12 t o  0.23 and 0.49 
t o  0.60 percent) a r e  considered ( f i g .  2 ) ,  no consis tent  t rend  of increasing 
d u c t i l i t y  with increasing i r o n  content i s  observed. 
en t  ove ra l l  e f f e c t  on postaging d u c t i l i t y  w a s  observed espec ia l ly  a f t e r  1000- 
hour aging treatments as a r e s u l t  of va r i a t ions  i n  i ron  content from 0.16 t o  
3.24 percent. 

I n  general, l i t t l e  appar- 

Tensile s t rength.  - The average ult imate t e n s i l e  s t rengths  a re  p lo t ted  i n  
f igu re  4 as a funct ion of aging time at  1600' F f o r  a l l  hea ts  investigated.  I n  
t h e  as-received (mill-annealed) condition a l l  e ight  heats  invest igated had u l -  
t imate t e n s i l e  s t rengths  grea te r  than the  130 000-pound-per-square-inch minimum 
given by the  Aerospace Materials Specif icat ion for L-605 (AMS 5537B, r e f .  6 ) .  
In te res t ing ly ,  a l l  s i x  spec ia l  hea ts  invest igated had ult imate t e n s i l e  strengths 



Heat Silicon, Iron, 
number percent percent 

( 3 1  0.23 0.57 
0 2  .60 .49 

.73 .24 
0 4  .55 1.60 
0 5  .49 1.85 

1.00 3.24 
0 7  .12 .16 
h 8  .12 3.06 

I- 

I11111111 I I I I I I I I I  
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Figure 5. - Effect of aging time at  1600' F on average room- 
temperature hardness. 

i n  the  mill-annealed condition great-  
e r  than the  two commercial heats  
(heats 4 and 5) .  This indicates  t h a t  
the  t e n s i l e  s t rength of the  m i l l -  
annealed sheet is  not adversely af- 
fected by reductions i n  s i l i c o n  con- 
t e n t .  O f  course, some of the  i m -  
provement i n  t e n s i l e  s t rength may be 
due t o  the somewhat smaller grain 
s ize  of the  spec ia l  heats  ( tab le  I ) .  

Room-temperature ult imate ten-  
s i l e  s t rength generally decreased 
with aging time. The decrease was  
most pronounced a f t e r  the  f irst  50 
hours. 
50 hours the  decrease i n  ult imate 
t e n s i l e  s t rength continued, but it 
w a s  generally l e s s  marked. Heats 4 
and 5 tended t o  regain par t  of t h e i r  
o r ig ina l  s t rength a f t e r  aging f o r  
200 hours, but a f t e r  aging f o r  1000 
hours these two heats  again showed a 
decrease i n  ultimate t e n s i l e  strength. 

With aging times greater  than 

Because of t h e  general l o s s  i n  ult imate t e n s i l e  s t rength with aging time, 
t h e  ult imate t e n s i l e  strengths of some heats  f e l l  below the  AMs minimum of 
130 000 pounds per square inch f o r  L-605 a f t e r  aging f o r  1000 hours. For a l l  
the  aging times investigated,  the  t e n s i l e  s t rength of heat 4 w a s  l e s s  than the  
AMs minimum. 

There i s  no clear-cut  r e l a t i o n  between s i l i c o n  content and ultimate ten-  
s i l e  s t rength a f t e r  aging f o r  1000 hours; however, the  low i ron  content heats  
generally had higher ult imate t e n s i l e  s t rengths  a f t e r  aging f o r  1000 hours than 
d i d  t h e  high i ron content heats .  In te res t ing ly  enough a f t e r  aging 1000 hours 
the  t e n s i l e  s t rengths  of the low s i l i c o n  content heats  investigated were close 
t o  ( e i t h e r  s l i g h t l y  above or below) the  AMs specif icat ion minimum and generally 
superior t o  those of the  two commercial heats.  

Yield strength.  - The 0.2-percent o f f s e t  y ie ld  strengths a r e  a l so  p lo t ted  
against  aging time i n  f igure  4. There i s  a general tendency f o r  the  high 
s i l i c o n  content hea ts  t o  have y ie ld  s t rengths  higher than those of the  low s i l -  
icon content heats  a f t e r  aging. After aging f o r  50 hours, r e l a t i v e l y  l i t t l e  
change i n  yield s t rength r e s u l t s  with increased aging time f o r  any of the  heats.  
The highest s i l i c o n  content heat (heat 6 )  had the  highest yield s t rength i n  the 
mill-annealed condition. I ts  ult imate t e n s i l e  s t rength ( f i g .  4) w a s  s imi la r ly  
high i n  comparison with those of the  other heats.  

Hardness. - Figure 5 shows room-temperature hardness as a function of aging 
time f o r  a l l  the  heats  investigated.  A l l  data  points  indicated represent the  
average of f i v e  hardness readings. There i s  a general  increase i n  hardness with 
aging time f o r  a l l  the  heats.  This increase i n  hardness i s  associated w i t h  
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Aged for 1000 hr at 1600" F 

Figure 7. -Typical tensile fractures before and  after aging (heat 31. X10. 

increased prec ip i ta t ion .  I n  general, a f t e r  aging, the  hardness of t h e  high 
s i l i c o n  content heats  increased more than t h a t  of the low s i l i c o n  content heats.  
After aging for  1000 hours, f o r  example, the three  lowest s i l i c o n  content heats  
(heats  1, 7, and 8 )  have the  lowest hardnesses, Rockwell A hardness of 62 t o  66 
compared with 68 t o  70 f o r  the high s i l i c o n  content heats.  Metallographic 
s tud ies  (discussed i n  the sect ion on t h e  e f f e c t  of s i l i c o n  on microstructure,  
p. 14 )  show t h a t  subs tan t ia l ly  l e s s  prec ip i ta t ion  occurs during aging i n  the 
low s i l i c o n  content heats  than occurs i n  the  high s i l i c o n  content heats .  
f a c t  would explain the  lower hardness of the  low s i l i c o n  content heats  and tend 
t o  substant ia te  the contention t h a t  Laves phase prec ip i ta t ion  i s  reduced by 
lowered s i l i c o n  content. 

Stress-rupture.  - Figure 6 ( a )  shows t h e  s t ress-rupture  l i f e  a t  1600' F and 

This 

1 7  500-pound-per-square-inch s t r e s s  as a function of s i l i c o n  content f o r  a l l  
heats  investigated i n  the  unaged condition, except heat 5. N o  clear-cut 
r e l a t i o n  between s t ress-rupture  l i f e  and s i l i c o n  content e x i s t s ;  however, t h e  
r e l a t i v e l y  low stress-rupture  l i v e s  obtained with the  two lowest s i l i c o n  con- 
t e n t  heats  suggest t h a t  the  s t ress-rupture  l i f e  may be adversely a f fec ted  a t  
very low s i l i c o n  contents. 

Figure 6(b)  s imi la r ly  shows the  e f f e c t  of i ron  content on s t ress-rupture  
l i f e  f o r  the  same t e s t  conditions. A t rend  toward decreasing s t ress-rupture  
l i f e  with increasing i r o n  content seems t o  e x i s t ,  although the  t rend i s  not 
well defined. 

Fracture Modes 

Visual observation of the  f r a c t u r e  surfaces of specimens broken i n  t e n s i l e  
t e s t s  showed a d i f f e r e n t f r a c t u r e  mechanism occurring i n  specimens t h a t  have 
been aged as opposed t o  those t h a t  a r e  i n  the  mill-annealed condition. Fig- 
ure 7 shows a t y p i c a l  example of t h i s  difference.  The upper par t  of the  f igure  
shows the  f r a c t u r e  surface of a t e n s i l e  specimen from heat 3 aged f o r  1000 hours 
a t  1600° F. 
ure shows t h e  f r a c t u r e  surface of a mill-annealed, o r  unaged, specimen from the  

A jagged f r a c t u r e  surface i s  evident. The lower par t  of the f i g -  
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(a) 0.73 Percent silicon (heat 3). 

(b) 0.12 Percent silicon (heat 7). 

Figure 8. -Effect of silicon content on tensile fracture of L-605 sheet aged for loo0 hours at 1600" F. X250. 
(Arrows indicate some grain boundaries that can be traced across fracture. 1 
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(b) 50 Hours. (a) 0 Hours. 

(c) 200 Hours. (d) loo0 Hours. 
Figure 9. - Effect of aging time at 1600" F on microstructure of intermediate silicon and i ron  content heat (0.55 percent Si  - 1.60 percent Fe 

(heat 4)). X750. 
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same heat .  The surface i s  f ibrous i n  nature,  and f r a c t u r e  appears t o  be t y p i c a l  
of t h e  shear f a i l u r e s  encountered i n  d u c t i l e  mater ia ls .  The f rac ture  surface i n  
the  aged specimen w a s  a t  90° t o  the  t e n s i l e  a x i s  while the  f r a c t u r e  surface i n  
t h e  mill-annealed specimen w a s  a t  an angle of about 60' t o  the  t e n s i l e  ax is .  
Another aspect t o  be noted i n  t h e  f igure  i s  t h e  difference i n  width of each 
section. A much grea te r  reduction i n  a rea  occurred with the  more d u c t i l e  m i l l -  
annealed specimen. The types of f r a c t u r e s  shown i n  f igure  7 are generally 
t y p i c a l  of those encountered i n  a l l  heats  i n  t h e  mill-annealed and aged condi- 
t ions. 

It w a s  observed a t  higher magnifications, however, t h a t  the  amount of s i l i -  
con had some influence on the  f r a c t u r e  mode of specimens a f t e r  aging. Fig- 
ure 8 ( a )  shows the  f r a c t u r e  of a t e n s i l e  bar of heat 3 aged 1000 hours (same 
conditions as those i n  f i g .  7, top)  a t  a magnification of 250. Heat 3 i s  a 
high s i l i c o n  content heat (0.73 percent S i )  t h a t  had an elongation of only 
2 .7  percent a f t e r  1000-hour aging. 
apparently because of t h e  heavy p r e c i p i t a t i o n  p a r t i c u l a r l y  along grain bound- 
a r i e s .  
heat 7 ,  a low s i l i c o n  content heat (0.12 percent S i )  t h a t  had an average elonga- 
t i o n  of 1 2 . 6  percent a f t e r  1000-hour aging. I n  t h i s  case, although some i n t e r -  
granular f r a c t u r e  occurred, a subs tan t ia l  degree of transgranular f r a c t u r e  took 
place as well. Grain boundaries can be t raced across t h e  f r a c t u r e  as indicated 
by the arrows i n  f igure  8 ( b ) .  Substant ia l ly  l e s s  prec ip i ta t ion  occurred i n  the  
specimen from heat 7. The amount of p r e c i p i t a t e ,  t h a t  i n  t u r n  i s  a f fec ted  by 
s i l i c o n  content, thus appears t o  have a noticeable e f f e c t  on the  nature of the  
f rac ture  encountered. 

Fracture w a s  almost e n t i r e l y  intergranular ,  

Figure 8 ( b )  shows a t y p i c a l  t e n s i l e  f r a c t u r e  incurred i n  a specimen of 

Effects  of I ron and Si l icon  Contents on Microstructure After Aging 

Intermediate s i l i c o n  and i ron  content. - Figure 9 shows the  microstructure 
of a commercial heat of L-605 (heat 4) t h a t  w a s  made by the  manufacturer's 
standard pract ice  f o r  t h i s  a l l o y  pr ior  t o  1964. 
received (mill-annealed) material .  
s o l i d  solut ion of f c c  cobalt .  Twinning i s  evident i n  the  grains.  A few 
carbides t h a t  were not taken i n t o  solut ion during the  annealing treatment a r e  
sca t te red  throughout the  matrix. 
t a t i o n  i s  evident ( f i g .  9 ( b ) ) .  I n i t i a l  nucleation i s  p a r t i c u l a r l y  pronounced 
along t h e  grain and twin boundaries, although some a l s o  occurs randomly within 
the  grains.  After aging f o r  200 hours the  amount of prec ip i ta te ,  both i n  t h e  
grain boundaries and within t h e  grains ,  was g r e a t l y  increased ( f i g .  9 ( c ) ) .  It 
should a l s o  be noted t h a t  many of the  randomly located prec ip i ta te  p a r t i c l e s  
a r e  rodl ike or p l a t e l i k e  i n  shape and tend t o  be l ined  up i n  preferred c rys ta l -  
lographic direct ions.  After aging f o r  1000 hours, t h e  prec ip i ta te  p a r t i c l e s  
grew and possibly addi t iona l  prec ip i ta te  p a r t i c l e s  were formed ( f i g .  9 ( d ) ) .  
The microstructure i s  s i m i l a r  t o  t h a t  observed ( r e f .  4) by Wlodek who ident i -  
f i e d  t h e  Laves phase (C02W) i n  aged heats  of s i m i l a r  s i l i c o n  content. The 
s t ruc ture  shown i n  f igure 9 ( d )  i s  qui te  b r i t t l e ;  only about 3.1 percent ten-  
s i l e  elongation w a s  measured a t  f rac ture  with t e n s i l e  specimens aged for 
1000 hours at  1600° F. 

Figure 9 ( a )  shows the  as- 
The microstructure consis ts  l a r g e l y  of a 

After aging f o r  50 hours a t  1600° F, precipi-  

14  



(a) 0 Hours. (b) 50 Hours. 

(c) 200 Hours. (d) 1000 Hours. 

Figure 10. - Effect of aging time at 1600" F on microstructure of high silicon - low i ron  content heat (0.73 percent S i  - 0.24 percent Fe (heat 3)). X750. 



High s i l i c o n  - low i ron  content. - Figure LO shows t h e  e f f e c t  of aging on 
the  microstructure of heat 3, which i s  high i n  s i l i c o n  content (0.73 percent S i )  
and low i n  i r o n  content (0.24 percent Fe).  
received material f o r  heat 3 ( f i g .  l O ( a ) )  i s  similar t o  t h a t  of the standard 
prac t ice  heat 4 ( f i g .  9 ( a ) )  except for the  s l i g h t l y  smaller gra in  s i z e  and the  
la rger  amount of re ta ined carbides. With aging, prec ip i ta t ion  occurs i n  a 
manner similar t o  t h a t  a l ready described f o r  t h e  intermediate s i l i c o n  and i ron  
content heat (heat  4) .  
aging f o r  50 hours. 
boundaries. Somewhat more prec ip i ta t ion  took place,  however, i n  t h e  higher 
s i l i c o n  content heat ,  espec ia l ly  within the grains.  This may be a contributing 
fac tor  t o  the  somewhat higher t e n s i l e  s t rength and hardness obtained for heat 3 
(see f i g s .  4 and5)  i n  t h i s  condition. 
the  grains were well  f i l l e d  with p r e c i p i t a t e  p a r t i c l e s .  
( f i g .  l O ( d ) ) ,  some p a r t i c l e  growth could be seen. A s t ruc ture  similar t o  t h a t  
obtained i n  t h e  intermediate s i l i c o n  and i r o n  content heat ( f i g .  9 ( d ) )  resul ted.  
This s i m i l a r i t y  i n  s t ruc ture  probably accounts f o r  the  f a c t  t h a t  the  postaging 
d u c t i l i t i e s  f o r  both heats  a r e  almost the  same ( f i g .  2 ) .  

Low s i l i c o n  - high i ron  content. - Figure 11 shows t h e  e f f e c t  of aging on 
t h e  microstructure of heat 8, which i s  a low s i l i c o n  - high i ron  content heat 
(0.12 percent S i  and 3.06 percent Fe).  This composition resu l ted  i n  the  bes t  
d u c t i l i t y  a f t e r  aging, regardless  of aging time, of a l l  the  heats  investigated 
( f i g .  2 ) .  
a s u b s t a n t i a l l y  lower amount of p r e c i p i t a t e  a t  a l l  aging t i m e s  than occurred 
for e i t h e r  the  intermediate s i l i c o n  and i r o n  content o r  the  high s i l i c o n  - low 
i ron  content heat .  This smaller amount of p r e c i p i t a t e  could account f o r  both 
the  higher d u c t i l i t y  and t h e  lower hardness obtained a f t e r  a l l  aging t i m e s  with 
the  low s i l i c o n  - high i ron  content heat.  Figures l l ( b ) ,  ( e ) ,  and (d) show the  
microstructure a f t e r  50-, 200-, and 1000-'hour aging treatments,  respectively.  
B e c i p i t a t i o n  occurs primarily along the  gra in  and twin boundaries as well  as 
randomly within t h e  grains ,  as was a l s o  noted i n  the  intermediate s i l i c o n  and 
i ron  and t h e  high s i l i c o n  - low i ron  content heats.  It i s  evident t h a t  t h e  
major difference l i e s  i n  t h e  amount of prec ip i ta te .  

The microstructure of the  as- 

Figure l O ( b )  shows t h e  microstructure of heat 3 a f t e r  
Precipi ta t ion,  as i n  heat 4, w a s  pronounced along the  gra in  

After aging f o r  200 hours ( f i g .  lO(c) )  
After 1000 hours 

It a l s o  had t h e  lowest hardness. The microstructure ( f i g .  11) shows 

Low s i l i c o n  - low i r o n  content. - Figure 1 2  shows t h e  e f f e c t  of aging on 
the  microstructure of heat 7, which i s  low i n  both s i l i c o n  and i ron  contents 
(0.12 percent S i  and 0.16 percent Fe).  
heat considered i n  the  previous sec t ion  and t h e  low s i l i c o n  - low i ron  content 
heat have t h e  same s i l i c o n  content (0.12 percent S i ) ;  however, t h e  l a t t e r  heat 
has a much lower i ron  content (0.16 percent Fe). Comparing these two composi- 
t i o n s  ( f i g s .  11 and 1 2 )  shows the  e f f e c t  of i r o n  content on microstructure.  
general, t h e  microstructures a r e  very similar. Thus, i ron  does not appear t o  
have a pronounced e f f e c t  on t h e  amount and nature of t h e  p r e c i p i t a t e ,  a t  l e a s t  
at  low s i l i c o n  contents. The d u c t i l i t y  of t h e  low s i l i c o n  - low i ron  content 
heat (heat 7 )  was subs tan t ia l ly  l e s s  a t  intermediate aging times than t h a t  of the  
low s i l i c o n  - high i ron  content heat (heat 8 ) .  
i s  not apparent from a camparison of t h e  microstructures ( f i g s .  11 and 1 2 ) .  

Both the  low s i l i c o n  - high i r o n  content 

I n  

The reason f o r  t h i s  difference 

Effect of s i l i c o n  on amount of p r e c i p i t a t e  a f t e r  1000-hour aging. - The e f -  
f e c t  of s i l i c o n  content has a l ready been i l l u s t r a t e d  insofar  as d u c t i l i t y  i s  
concerned. The microstructural  e f f e c t s  have been discussed t o  a l imited extent  
i n  the preceding subsections. To b e t t e r  observe t h e  e f f e c t  of s i l i c o n  content 
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(b) x) Hours. (a) 0 Hours. 

(c) 200 Hours. (d) loo0 Hours. 

Figure 11. - Effect of aging time at 1600" F on microstructure of low silicon - high i ron content heat (0.12 percent S i  - 3.06 percent Fe, (heat 8)). 
x7x). 

17 



0 
< c  

c 

(b) 50 Hours. (a) 0 Hours. 

(c) 200 Hours. (d) loo0 Hours. 

Figure 12. - Effect of aging time at 1600" F on microstructure of low silicon - low i ron  content heat (0.12 percent S i  - 0.16 percent Fe (heat 7)). 
x750. 

18 



(a) 0.73 Percent silicon (heat 3). (b) 0.60 Percent silicon (heat 2). 

(c) 0.23 Percent silicon (heat 1). (d) 0.12 Percent silicon (heat 7). 

Figure 13. - Effect of silicon content on microstructure of L-605 aged for 1000 hours at 160o0 F; i ron content for heats ranged from 0.16 to 0.57 
percent. X750. 
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on the  microstructure of L-605, photomicrographs a re  compared i n  f igu re  13 f o r  
hea ts  of varying s i l i c o n  content (0.12 t o  0.73 percent)  but  r e l a t i v e l y  constant 
i ron  content (0.16 t o  0.57 percent)  a f t e r  aging f o r  1000 hours. The two highest  
s i l i c o n  content hea ts ,  0.73 and 0.60 percent s i l i con ,  respect ively,  ( f i g s .  
13(a) and ( b ) )  both show heavy p rec ip i t a t ion .  With a reduction t o  0.23 percent 
s i l i c o n  ( f i g .  1 3 ( c ) ) ,  however, a d e f i n i t e  decrease i n  t h e  amount of p rec ip i t a t e  
i s  evident.  Figure 13(d) shows t h e  microstructure of t he  lowest s i l i c o n  heat  
(0.12 percent) .  
heats .  These metallographic s tud ies  show t h a t  a reduction i n  s i l i c o n  content 
g rea t ly  reduces p rec ip i t a t ion  a f t e r  aging. 
c i p i t a t e  i s  believed t o  be associated with increased d u c t i l i t y  i n  t h i s  a l l o y  
a f t e r  aging. 

The amount of p rec ip i t a t e  i s  less than t h a t  i n  any of t he  other  

!Phis reduction i n  the  amount of pre-  

X-ray d i f f r a c t i o n  ana lys i s  of t h e  0.23 and 0.60 percent s i l i c o n  hea ts  
(heats  1 and 2 )  conducted by Wlodek (discussion, r e f .  4) indicated only t r a c e s  
of C02W (Laves phase) i n  t h e  lower s i l i c o n  heat  and subs t an t i a l ly  greater  
amounts i n  t h e  higher s i l i c o n  heat .  Although p rec ip i t a t ion  of t he  Laves phase 
w a s  g rea t ly  reduced i n  the  lower s i l i c o n  content heats ,  appreciable quan t i t i e s  
of p rec ip i t a t e s  were s t i l l  present a f t e r  aging. 
p a r t i c l e s  a r e  probably carbides of t h e  M6C type as iden t i f i ed  by Wlodek i n  the  
0.23 percent s i l i c o n  content heat (discussion of r e f .  4) .  
carbides p a r t i c u l a r l y  along gra in  boundaries could contribute t o  t h e  degree of 
embrittlement t h a t  s t i l l  e x i s t s ,  even i n  the  low s i l i c o n  content heats .  

Many of these p rec ip i t a t e  

The presence of such 

SUMMARY OF RESULTS 

The following r e s u l t s  were obtained from an inves t iga t ion  t o  determine t h e  
e f f ec t  of s i l i c o n  and i ron  contents on the  room-temperature d u c t i l i t y  and other 
mechanical propert ies  of L-605 a f t e r  aging a t  1600° F for various times up t o  
1000 hours : 

1. Reductions i n  s i l i c o n  content increased d u c t i l i t y  f o r  a l l  aging tcmes 
(50, 200, and 1000 hr). 
t h e  t e n s i l e  elongations f o r  t h e  low s i l i c o n  content hea ts  (0.12 t o  0.23 percent)  
ranged from approximately 13 t o  16 percent as compared with 2 t o  6 percent f o r  
t he  high s i l i c o n  content heats  (0.49 t o  1.00 percent) .  

For example, after aging f o r  1000 hours a t  1600' F, 

2. L i t t l e  apparent ove ra l l  e f f e c t  on postaging d u c t i l i t y  w a s  observed as 
a r e s u l t  of va r i a t ions  of i r o n  content from 0.16 t o  3.24 percent. 

3. The ult imate t e n s i l e  s t rength  of a l l  t he  heats  general ly  decreased with 
There w a s  no ove ra l l  r e l a t i o n  between s i l i c o n  content and ult imate aging time. 

t e n s i l e  s t rength  a f t e r  aging. 
ult imate t e n s i l e  s t rengths  than those of t he  high i ron  content hea ts  a f t e r  
aging f o r  1000 hours. 

The low i r o n  content hea ts  general ly  had higher 

4. Hardness general ly  increased w i t h  aging time f o r  a l l  the hea ts  i nves t i -  
gated. I n  general, t he  hardness of t h e  high s i l i c o n  content heats  increased 
more than the  hmdness of t h e  low s i l i c o n  content heats .  For example, a f t e r  
aging for 1000 hours a t  1600' F, t h e  low s i l i c o n  content hea ts  had Rockwell A 
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hardnesses ranging from 62 t o  66 compared with hardnesses of 68 t o  70 f o r  the  
high s i l i c o n  content heats.  

5. The f rac ture  surface i n  as-received (mill-annealed) specimens had a 
f ibrous appearance t y p i c a l  of t h a t  observed i n  duc t i l e  mater ia ls ;  whereas t h e  
f rac ture  surface of aged specimens, regardless  of s i l i c o n  o r  i ron  content, w a s  
jagged i n  nature. I n  the  aged condition f r ac tu re  i n  the  high s i l i c o n  heats  w a s  
predominantly intergranular ,  whereas i n  low s i l i c o n  heats  there  w a s  a substan- 
t i a l  degree of transgranular f r ac tu re  as well. 

6. Aging a t  1600' F r e su l t ed  i n  pronounced p rec ip i t a t ion  both preferen t i -  
a l l y  along grain and t w i n  boundaries and randomly throughout the  matrix. 
lower s i l i c o n  content heats  had a l e s se r  amount of p rec ip i t a t e  a f t e r  aging than 
did the  high s i l i c o n  content heats .  
have l i t t l e  e f f ec t  on the  microstructure a f t e r  aging. 

The 

Variations i n  i ron  content appeared t o  

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, May 25, 1965. 
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APPENDIX 

NEW MELTING PRACTICE 

Recently t h e  Union Carbide Corporation ( S t e l l i t e  Division) introduced a 
new melting prac t ice  i n t o  the  production of L-605 (HS-25), which can provide 
very low s i l i c o n  contents. 
munication from D. W. Schulz, Union Carbide Corp.) f o r  heats  made by t h i s  
prac t ice  a re  given i n  t a b l e  V. These data  show t h a t  low s i l l c o n  content r e s u l t s  
i n  elongations of 6.4 t o  1 7  percent a f t e r  1000-hour aging treatments a t  1600° F. 
It should be noted t h a t  elongations of 2 t o  3 percent were obtained with s i m i -  
l a r l y  aged specimens from heats  4 and 5 of t he  present invest igat ion.  The 
l a t t e r  hea ts  were made by the  manufacturer's standard pract ice  p r io r  t o  1964. 
Ike t e n s i l e  s t rengths  for the  hea ts  l i s t e d  i n  t a b l e  V a r e  somewhat lower than 
those obtained i n  the  present invest igat ion with low s i l i c o n  content heats .  

Data obtained by the  manufacturer (pr iva te  com- 

I n  summary, it appears t h a t  improved postaging d u c t i l i t y  i n  L-605 sheet 
can a l s o  be obtained i n  commercial p rac t ice  by melting procedures t h a t  provide 
a low s i l i c o n  content. 

TABLE V. - PFBLlMINARY TENSILE DATA FOR L-605 SHEET 

MADE BY NEW MELTING PRACTICE" 

Heat 1 Composition 
number 

Si l icon f 64-590 0.02 .03 

-64-627 

'L4-1677s .04 

'L4-16965 .10 

- 

:arbor. 

0.10 

.04 

.09 

.12  

I ron 

1.86 

1.98 

1.52 

2.27 

' ield strength' 
(0.2-percent 

o f f s e t  ) , 
p s i  

67 000 

67 000 

65 000 

61 000 

Ultimate 
t e n s i l e  

;trength,' 
p s i  

1 2 3  000 

1 2 1  000 

118 000 

108 000 

a 

bAged 1000 hr at  1600' F, average of 2 t o  4 t e s t s .  
'Laboratory heats.  

'Production heats.  

Pr ivate  communication from D. W. Schulz, Union Carbide Corporation. 
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